The aim of this work was to develop a reliable and efficient analytical method to characterise and differentiate saxitoxin analogues (STX), including sulphated (gonyautoxins, GTX) and non-sulphated analogues. For this purpose, hydrophilic interaction liquid chromatography (HILIC) was used to separate sulphated analogues. We also resorted to ion mobility spectrometry to differentiate the STX analogues because this technique adds a new dimension of separation based on ion gas phase conformation. Positive and negative ionisation modes were used for gonyautoxins while positive ionisation mode was used for non-sulphated analogues. Subsequently, the coupling of these three complementary techniques, HILIC-IM-MS, permitted the separation and identification of STX analogues; isomer differentiation was achieved in HILIC dimension while non-sulphated analogues were separated in the IM-MS dimension. Additional structural characteristics concerning the conformation of STXs could be obtained using IM-MS measurements. Thus, the collision cross sections (CCS) of STXs are reported for the first time in the positive ionisation mode. These experimental CCSs correlated well with the calculated CCS values using the trajectory method.
INTRODUCTION
Saxitoxin (STX) and its analogues are very potent neurotoxins produced by marine dinoflagellates and cyanobacteria, and have been described as paralytic shellfish poisons (PSP). [1, 2] After initial isolation efforts by Onoue et al., [3] ground-breaking work had been completed by Sommer et al. [4] on the relationship between the appearance of dinoflagellates and the toxicity in shellfish. [5] STX is referenced in Schedule 1 of the chemical weapons convention (CWC) because of its toxicity and the opportunity to produce it in large scale by either synthesis or micro-algal culture. [6, 7] The high toxicity of STX and its analogues towards humans is due to their ability to bind to voltage-gated sodium channels, which may result in partial or total paralysis of the respiratory tract and can therefore lead in the worst case to death of patients within short periods of time (e.g. 15 min) following consumption of contaminated fish or shellfish. [8, 9] The unequivocal identification of STXs represents an issue to counteract bioterrorism and to promptly analyse marine samples for food security as STXs present in algae can be bio-accumulated by molluscs. [10] STXs are highly polar compounds presenting numerous isomers. The toxicity of the different analogues can vary depending on the chemical functional groups they present. Different liquid chromatography-mass spectrometry (LC-MS) methods have been previously reported in the literature to detect, identify and differentiate these compounds. [11] [12] [13] [14] [15] However, while some of these methodologies may be fast and sensitive, they require laborious sample preparation when samples represent complex matrices. [16] Interestingly, the recent technique of ion mobility (IM) coupled to mass spectrometry (MS) allows ion separation in the gas phase, according to the size, shape and charge of the ions, has been coupled to MS and can be envisaged as a complementary approach to LC-MS methods.
The drift time (t D ) obtained by IM is related to the collision cross section (CCS, Ω) which is representative of the three-dimensional structure of the ion. [17] In the case of the travelling wave ion mobility (TWIM) cell, a relationship between t D and Ω has been determined according to:
Where z is the ion charge, and µ = mM/(m+M) is the reduced mass for the ion (m) and the buffer gas molecules (M). Using this relation, a calibration curve ( = ! ) can be plotted using compounds with known Ω. [18, 19] IM-MS also proved to be a reliable and reproducible technique for the separation of isomers. [20] [21] [22] [23] It can be coupled to LC-MS affording another dimension of separation to the analysis. Indeed, LC-IM-MS can be carried out as the time scale of IM (ms) fits perfectly between that of the LC (minute) and time-of-flight-MS (µs)
techniques. [24] Thus, considering all the potentialities of LC, IM and MS, we envisaged the coupling of these techniques to develop an efficient method for the identification and differentiation of STXs.
Initially, direct introduction IM-MS experiments using electrospray ionisation (ESI) as well as HILIC-IM-MS were evaluated to differentiate STXs. Subsequently, according to Equation
(1), we compared the different STX conformations. Finally, the theoretical and experimental determinations of the CCS values are here reported for the first time. 
EXPERIMENTAL

Chemicals and standard solutions
IM-MS conditions
Ion mobility-mass spectrometry experiments were carried out using the travelling wave ion mobility cell of the Synapt G2 HDMS instrument. Details of the instrument have been published elsewhere. [25] The ESI source was operated in the positive ionisation mode for the determination of the experimental CCS values. The negative ionisation mode was also used for the detection of GTX derivatives. The experiments were performed with a source temperature of 90°C and desolvation gas temperature of 250°C. Voltage parameters respectively for positive/negative ionisation were the following: capillary 3.0/2.1 kV, sampling cone 30/40 V, extraction cone 5.0/5.0 V.
For IM-MS experiments, data were acquired using 300 and 450 µs of mobility delay after trap release, respectively for positive and negative ionisation mode. The Helium cell gas flow and N 2 IM gas flow were set to 180 and 90 mL min -1 , respectively. Wave height was set at 40 V and wave velocity between 700 to 900 m s -1 depending on the coupling and ionisation mode. Optimisation of IM separation presented in Table S2 to improve the separation due to a larger t D scale, however, peaks were too large to obtain a good separation).
Experimental CCS values were estimated with the calibration method described in the literature using protonated polyalanine molecules in N 2 and He as references to correct the non-uniform electric field of the TWIM cell ( Figure S1 and S2, supplementary information). [19, 26] The instrumental IM conditions used for the calibration with polyalanine were the same as those used for STX analyses in the positive ionisation mode. All the drift time peaks were fitted with a Gauss function using the peak fitting tool of Origin 8.5 software (OriginLab).
Theoretical calculations
Structures of STXs were generated and geometry optimised by minimising their energy using the DISCOVER simulation package (Biosym Technologies, San Diego, CA, USA) and the consistent-valence force field (CVFF). Simulated annealing was performed at a set temperature (5000 iterations to 1000 K). After the dynamics and slowly-quenched simulated annealing (slowly cooled for 5000 iterations to 300 K), the structures were minimized with different steps of steepest descent and conjugated gradient method. This procedure was repeated several times to generate a large group of conformations which represent the possible energy minima. For each STX analogue, 50 structures with the lowest energies were retained. Theoretical CCS values have been obtained using the trajectory method (TM), the projection approximation (PA) and exact hard sphere scattering (EHSS) methods of MOBCAL [27, 28] on each singly-charged optimised structure. Gas polarisability and LennardJones (ɛ o and r o ) parameters of MOBCAL used to obtain CCS values with both helium and nitrogen as buffer gas (Table S1 , supplementary information) were those previously reported by Zakharova et al. [29] Optimised atomic energy and Van der Waals distance parameters used for H, N, C, and N atoms in N 2 and He used were reported by Campuzano et al. [21] 
RESULTS AND DISCUSSION
Saxitoxin analogues
With ESI, positive ionisation mode proved to be more advantageous for the analysis of STX, NEO, dcSTX and dcNEO, probably due to the presence of the amine group. The resulting ESI mass spectra showed the corresponding protonated molecules as previously shown by
Dell'Aversano et al. (data not shown). [14] No significant in-source fragmentation was observed for these analogues, except loss of H 2 O. In the case of GTX derivatives, both positive and negative ionisation modes were performed as these analogues possess both sulphate and amine functionalities. It is important to note that commercial solutions of isomers are only available as pairs and do not present the same concentration for each toxin;
for example, the calibrant of GTX2/3 contains 114 µmol L [30, 31] this observation is confirmed by HILIC experiments described later in this paper.
To improve the detection and limit the fragmentation of the protonated molecules, the source and instrument parameters were optimised. However, even after this optimisation, intact GTX ions still remained more intense in the negative ionisation mode due to the fragmentation extent of GTX1, -2, -5 and dcGTX2 in the positive ionisation mode as already described. [11] For instance, Table 2 shows relative abundances of the ions obtained from commercial GTX2/3 mixture in ESI spectra for both ionisation modes. Then, ESI-MS/MS experiments were carried out without activation after the quadrupole selection to evaluate the stability of the precursor ion, excluding fragmentations which occur in source; for example, MS/MS spectra of protonated and deprotonated GTX2/3 isomers are presented in Figure 1 . The fragment ions of [GTX2/3−H] − in Table 2 (Table S2 to S5, supplementary information), the drift times t D were measured and the CCS could be determined ( Table 3 ).
The separation of STXs by IM-MS was first investigated in the positive ionisation mode to obtain CCS values since the calibration of the TWIM cell is readily done thanks to the existence of numerous reference compounds in this mode. As described from Equation (1), CCS values can be determined from the experimental t D . The calibration allows a comparison of CCS values which are independent of the experimental parameters and provide structural information.
The drift times of the toxins presented in Table 3 show a significant separation of STXs, depending on their functionalities. STX, NEO and their decarbamoyl derivatives present a more strongly folded conformation than the sulphate derivatives, which indicates that the sulphate group presents a higher influence than the carbamoyl group towards the threedimensional structure of STXs. Unfortunately, no diastereomer separation could be achieved through IM-MS for any of the mixtures of isomer pairs. As previously mentioned, loss of SO 3
is the main dissociation pathway observed in the positive ionisation mode; thus, the CCS of the [M+H−SO 3 ] + product ions are also reported in + . These differences show the importance of the hydroxyl group position in the toxin structures. We could conclude that the hydroxyl group on the N 1 position did not influence the CCS due to steric hindrance of the carbamoyl group, whereas the hydroxyl group on the C 11 position had a significant influence and yielded higher CCS values.
Gonyautoxin analogues were also analysed in the negative ionisation mode. Resulting t D values are reported in Table 3 . Unfortunately, no reference compound with known CCS was available in this m/z and CCS range in the negative ionisation mode for singly-charged ions so the experimental CCS values were not determined for this ionisation mode. A differentiation of every toxin was observed, but complete separation of isomers was not achieved. Interestingly, a t D order inversion occurred for the two pairs GTX1/4 and GTX2/3 depending on the ionisation mode. In fact, a comparison of t D showed that GTX1/4 had a more folded conformation than GTX2/3 in the negative mode, whereas the contrary was observed for the positive ionisation mode. No relationship could be established between gonyautoxin gas phase conformations and the t D order inversion without an upstream chromatographic separation of the isomers pairs.
IM-MS coupling allows the fast separation of non-sulphated STXs analogues but not the differentiation of GTX isomers. The separation of diastereomer pairs is essential due to their different toxicity depending on the sulphate group orientation. In order to separate diastereoisomers and to circumvent any epimerisation phenomenon, the coupling of HILIC to IM-MS was then investigated.
HILIC-IM-MS results
The HILIC technique was chosen for the separation of STX analogues due to the high polarity of these compounds. Every diastereomer pair was separated in the HILIC dimension, but non-sulphated analogues
were not chromatographically differentiated in these conditions. However, these nonsulphated analogues could be differentiated in the ion mobility spectrometry dimension ( Figure 2a The green values correspond to the most important drift time difference and red values to the lowest differences. The bolt value corresponds to the highest drift time differences.
Thus, HILIC-IM-MS is a complementary coupling that allows for the differentiation of all
Ion mobility parameters were optimised to obtain the highest peak resolution as an alternative to the highest drift time difference.
Where Δ is the drift time difference between the ion a and the ion b.
Where R is the resolution peak to peak and Wb is the Width at the base of the corresponding ion mobility peak.
[1] The green values correspond to the most important drift time difference and red values to the lowest differences. The bolt value corresponds to the highest drift time differences.
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The highest resolution between NEO and dcNEO was observed for a wave velocity of 800 m s -1 , a wave height of 40 V and a gas flow of 90 mL min -1 whereas the highest drift time difference between NEO and dcNEO was observed for a wave velocity of 700 m s -1 , a wave height of 30 V and a gas flow of 80 mL min -1 . The green values correspond to the most important drift time difference and red values to the lowest differences. The bolt value corresponds to the highest drift time differences. Table S5 . Resolution peak to peak between GTX2/3 and dcGTX2/3 for different ion mobility parameters in negative ionization mode. (a) wave height of 40 V , (b) wave height of 30 V.
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The green values correspond to the most important drift time difference and red values to the lowest differences. The bolt value corresponds to the highest drift time differences.
The highest resolution between GTX2/3 and dcGTX2/3 was observed for a wave velocity of 700 m s -1 , a wave height of 40 V and a gas flow of 90 mL min -1 whereas the highest drift time difference between GTX2/3 and dcGTX2/3 was observed for a wave velocity of 600 m s -1 , a wave height of 30 V and a gas flow of 90 mL min -1 . Calibration using different parameters of wave height and gas flow were also performed to
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give similar CCS values. 
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